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P r o t e i n  i s o l a t e  o b t a i n e d  from g r e e n  a l g a e  ( S c e n e d e s m u s  -_-I_ o b l i q u u s )  
c u l t i v a t e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s  w a s  c h a r a c t e r i z e d .  M o l e c u l a r  
w e i g h t  d e t e r m i n a t i o n  o f  f r a c t i o n a t e d  a l g a l  p r o t e i n s  u s i n g  
S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  r e v e a l e d  a wide s p e c t r u m  o f  molecu-  
l a r  w e i g h t s  r a n g i n g  f rom 15,000 t o  2 2 0 , 0 0 0 .  I s o e l e c t r i c  p o i n t s  o f  d i sso-  
c i a t e d  p r o t e i n s  were i n  t h e  r a n g e  of 3 .95  t o  6 .20 .  Amino acid c o m p o s i t i o n  
o f  p r o t e i n  i s o l a t e  compared f a v o r a b l y  w i t h  FA0 s t a n d a r d s .  H igh  c o n t e n t  o f  
e s s e n t i a l  a m i n o  a c i d s  l e u c i n e ,  v a l i n e r  p h e n y l a l a n i n e  a n d  l y s i n e  makes  a l g a l  
p r o t e i n  i s o l a t e  a h i g h  q u a l i t y  component  o f  C E L S S  d i e t s .  T o  o p t i m i z e  t h e  
r e m o v a l  o f  a l g a l  l i p i d s  a n d  p i g m e n t s  s u p e r c r i t i c a l  c a r b o n  d i o x i d e  extrac- 
t i o n  ( w i t h  a n d  w i t h o u t  e t h a n o l  as  a c o - s o l v e n t )  was u s e d .  A d d i t i o n  of 
e t h a n o l  t o  s u p e r c r i t i c a l  C02 r e s u l t e d  i n  more e f f i c i e n t  r e m o v a l  of a l g a l  
l i p i d s  a n d  p r o d u c e d  p r o t e i n  i s o l a t e  w i t h  a qood  y i e l d  a n d  p r o t e i n  r e c o v e r y .  
T h e  p r o t e i n  i s o l a t e  ex t r ac t ed  by t h e  a b o v e  m i x t u r e  had  a n  i m p r o v e d  water  
s o l u b i l i t y .  
I N T R O D U C T I O N  
T h e r e  is  a n e e d  f o r  s u i t a b l e  f e e d i n g  s y s t e m s  f o r  e x t e n d e d  manned space 
m i s s i o n s .  The  p o t e n t i a l  u t i l i z a t i o n  of a l g a l  biomass i n  a n o n - c o n v e n t i o n a l  
f o o d  s u p p l y  i n  spacer is t h e  s u b j e c t  o f  o u r  s t u d y .  U n i q u e  m u l t i f u n c t i o n a l  
c h a r a c t e r i s t i c s  o f  a l g a e  s u c h  a s  h i g h  p h o t o s y n t h e t i c  a c t i v i t y ,  l a c k  o f  n e e d  
f o r  o r g a n i c  c a r b o n  a n d  n i t r o g e n  i n  t h e  g r o w t h  media a n d  t h e  a b i l i t y  t o  
‘.c, 
c o n t r o l  a l g a l  c h e m i c a l  composi t ion  by v a r y i n g  c u l t i v a t i o n  c o n d i t i o n s  make A 
a l g a e  a n  a t t r a c t i v e  s y s t e m  f o r  b i o l o g i c a l  r e g e n e r a t i o n  of t h e  C E L S S  
e n v i r o n m e n t  ( C a s e y  a n d  L u b i t z ,  1963; C l e m e n t  -- e t  a l . /  1967; L a c h a n c e ,  1968; 
L i p i n s k y  a n d  L i t c h f i e l d ,  1 9 7 0 ;  W a s l i e n ,  1 9 7 5 ;  C l e m e n t ,  1 9 7 5 ;  W a s l i e n  - e t  




u n t r e a t e d  a n d  u n p u r i f i e d  a l g a l  biomass,  d u e  t o  a s s o c i a t e d  p h y s i o l o g i c a l  
problems ( e . g .  n o n d i g e s t i b l e  componen t s  o f  c e l l  w a l l  a n d  d i s t u r b i n g  car- 
b o h y d r a t e s ,  excess n u c l e i c  a c i d s ,  unknown t o x i n s  a n d  a l l e r g e n s )  a n d  poor 
f l a v o r  o r  color  l i m i t s  t h e  amoun t  of a l g a e  i n  t h e  d i e t .  C o n v e r s i o n  of 
a l g a l  biomass i n t o  p h y s i o l o g i c a l l y  a n d  o r g a n o l e p t i c a l l y  acceptab le  com- 
p o n e n t s  r e q u i r e s  s u i t a b l e  me thodo logy .  P r e v i o u s l y  d e v e l o p e d  m e t h o d s  e l i m i -  
n a t e d  or  l a r g e l y  r e d u c e d  t h r e e  known u n d e s i r a b l e  c o m p o n e n t s  of a l g a e  ( c e l l  
w a l l s ,  n u c l e i c  a c i d s ,  and  p i g m e n t s )  a n d  g a v e  a n  " a l g a l  p r o t e i n  i s o l a t e "  
w i t h  a r e a s o n a b l y  h i g h  y i e l d  (Kamarei -- e t  a l . 1 9 8 5 ) .  
8 
G r e e n  a l g a e  ( S c e n e d e s m u s  o b l i q u u s )  - grown i n  C o n s t a n t  C e l l  D e n s i t y  A p p a r a t u s ,  
u n d e r  c o n t r o l l e d  c o n d i t i o n s  were used  i n  t h i s  s t u d y .  They  were o b t a i n e d  
t h r o u g h  t h e  c o u r t e s y  of D r s .  R icha rd  Radmer a n d  P a u l  B e h r e n s  o f  MARTEK Corp. 
m : - . . - -  1 . - h - . r r . r o  thn e t n n t . ~ < e n  nrnpnaiirn f ~ r  nrenaratian of 
5- - &  - - cu loGbia /  :':E. I . A L J U 4 . s  A U a A V m Y  & & A &  u & ~ ~ ~ - - -  = ------  
v a r i o u s  f r a c t i o n s  f rom a l g a e .  Major  n u t r i t i o n a l  c o m p o n e n t s  o f  t h e  a lgae  
f l o u r  ( f r e e z e - d r i e d  r u p t u r e d  c e l l s )  were d e t e r m i n e d .  Upon c e l l  r u p t u r e  a n d  
r e m o v a l  of t h e  c e i i  w a i i ,  the riucieic: a c i d  caiitaiit ii2 the  zlgac :=E re5ccec! 
b y  9 2 % ,  u s i n g  a n  e n z y m a t i c  p r o c e d u r e .  T h i s  i n c r e a s e d  t h e  s a f e  c o n s u m p t i o n  
l e v e l  o f  a l g a l  p r o t e i n  c o n c e n t r a t e  ( f r a c t i o n  # 6 )  f r o m  209 t o  a p p r o x i m a t e l y  
2 5 0 g  p e r  d a y  a n d  f o r  a l g a l  p r o t e i n  i s o l a t e  ( f r a c t i o n  # 8 A )  from 159 t o  1 9 2 9  
p e r  d a y .  G e n e r a l l y  a c c e p t e d  s a f e  l e v e l  o f  n u c l e i c  ac ids  i n t a k e  i n  human is 
2 9  per d a y  ( S c r i m s h a w ,  1 9 7 5 ) .  E t h a n o l  e x t r a c t i o n  of a l g a l  p i g m e n t s  ( m o s t l y  
c h l o r o p h y l l  A )  from t h e  p r o t e i n  c o n t e n t r a t e  ( f r a c t i o n  # 6 )  r e s u l t e d  i n  remo- 
v a l  of most of t h e  g r e e n  co lo r  a n d  c o n s e q u e n t l y  t h e  a l g a l  p r o t e i n  i s o l a t e  
( f r a c t i o n  # 8 A )  had  a " l i g h t  o l i v e "  co lor  upon f r e e z e - d r y i n g .  Removal  of 
t h e  p i g m e n t s  e n h a n c e d  t h e  color and f l a v o r ,  b u t  c a u s e d  p r o t e i n  d e n a t u r a t i o n  
a n d  i n s o l u b i l i t y  of t h e  f i n a l  p r o d u c t .  
I n  order  t o  f u r t h e r  i m p r o v e  t h e  q u a l i t y  of a l g a l  p r o t e i n s  w e  h a v e  e x p e r i -  
m e n t e d  w i t h  t h e  r e m o v a l  of a l g a l  p i g m e n t s  a n d  l i p i d s  u s i n g  s u p e r c r i t i c a l  
f l u i d s .  The  r e s u l t s  a r e  r epor t ed  h e r e .  
-3- 
C h a r a c t e r i z a t i o n  of i s o l a t e d  a l g a l  p r o t e i n s  w a s  a major p a r t  o f  o u r  
r e c e n t  s t u d y .  T h i s  knowledge  c a n  be u s e f u l  i n  d e s i g n i n g  f u r t h e r  p r o c e s s i n g  
a n d  f a b r i c a t i o n  o f  a l g a l  p r o t e i n s  as a f o o d  component  i n  CELSS.  T h e  pre- 
s e n t  paper a l s o  r e p o r t s  t h e  r e s u l t s  of e l e c t r o p h o r e t i c  s t u d i e s  a n d  amino  
a c i d  a n a l y s e s  of a l g a l  p r o t e i n s .  
. 
METHODOLOGY 
P r e p a r a t i o n  o f  a l g a l  p r o t e i n  f r a c t i o n s :  
G r e e n  a l g a e  ( S c e n e d e s m u s  - o b l i q u u s )  were grown i n  C o n s t a n t  C e l l  D e n s i t y  
A p p a r a t u s  ( C C D A ) .  C o n d i t i o n s  were: A l g a l  d e n s i t y  i n  medium: 0.55 mg d r y  
w e i g h t / m l . ;  32OC; pH=7.0; n i t r o g e n  s o u r c e :  K N O 3  2 . 0 g / l ;  c a r b o n  s o u r c e :  2% 
C02 i n  a i r .  The  a l g a e  were g r o w n ,  h a r v e s t e d ,  a n d  s u p p l i e d  t o  u s  by M a r t e k  
C x p .  ( C 0 1 2 m h i 2 ;  ME) - 
SDS-PAGZ was used ta deter i i i i ne  t h s  zc.1ccslzr :=ic;.h.tc !!!-"-! 9 5  slna1 2 - -  
p r o t e i n s .  F r e e z e - d r i e d  a l g a l  p r o t e i n  c o n c e n t r a t e  ( f r a c t i o n  # 6 )  w a s  u s e d .  
The  e x p e r i m e n t a l  d e t a i l s  o f  SDS-PAGE were reported p r e v i o u s l y  ( N a k h o s t  a n d  
Kare l ,  1 9 8 3 ) .  
I s o e l e c t r i c  f o c u s i n g  ( I E F ) :  
I E F  i n  p o l y a c r y l a m i d e  g e l  was u s e d  t o  d e t e r m i n e  t h e  i s o e l e c t r i c  p o i n t s  
(PI) o f  a l g a l  p r o t e i n s .  Ampho l ine  pH 3-10 w a s  u s e d  t o  p r o d u c e  pH g r a d i e n t  
a c r o s s  t h e  g e l .  The I E F  c o n d i t i o n s  were as p r e v i o u s l y  r e p o r t e d  ( N a k h o s t  
a n d  Kare l ,  1 9 8 3 ) .  F r e e z e - d r i e d  a l g a l  p r o t e i n  i s o l a t e  ( f r a c t i o n  # 6 )  was 
u s e d  i n  t h i s  s t u d y .  
Amino a c i d  a n a l y s i s :  
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. 
Amino a c i d  c o m p o s i t i o n  o f  a l g a l  p r o t e i n  i s o l a t e  was d e t e r m i n e d  u s i n g  a 
' r e c e n t l y  d e v e l o p e d  p re -co lumn d e r i v a t i z a t i o n  method w h i c h  h a s  b e e n  o r i g i -  
n a l l y  d e m o n s t r a t e d  by Koop -- e t  a l . ( 1 9 8 2 )  f o r  a n a l y s i s  o f  f r e e  a m i n o  a c i d s  
a n d  l a t e r  m o d i f i e d  by B i d l i n g m e y e r  -- e t  a l .  (1984) f o r  a p p l i c a t i o n  t o  a c i d -  
h y d r o l y s a t e s  o f  p r o t e i n s .  
The  me thod  w h i c h  is c a l l e d  "Pico-Tag" is b a s e d  on d e r i v a t i z a t i o n  o f  
a m i n o  a c i d s  w i t h  p h e n y l i s o t h i o c y a n a t e  ( P I T C ) ,  P I T C  reacts  w i t h  f r e e  amino  
a c i d s  t o  y i e l d  p h e n y l t h i o c a r b a m y l  ( P T C )  a m i n o  a c i d ,  w h i c h  c a n  t h e n  be 
sepa ra t ed  on a r e v e r s e d - p h a s e  HPLC co lumn,  S t r o n g  UV a b s o r b a n c e  of 
PTC-amino a c i d s  ( 2 5 4  nm) makes  i t  p o s s i b l e  t o  de t ec t  q u a n t i t i e s  a s  small  a s  
1 picomole ( B i d l i n g m e y e r  -- e t  a l .  1 9 8 4 ) -  B e c a u s e  P I T C  f o r m s  t h e  same c h r o -  
mophore  w i t h  p r i m a r y  a n d  s e c o n d a r y  amino  a c i d s  no  e x t r a  t r e a t m e n t  is  
n e c e s s a r y  for d e t e c t i o n  of p r o l i n e .  E x c e l l e n t  r e p r o d u c i b i l i t y r  d e r i v a t i v e s  
s t a b i l i t y  (6-10 h r s .  a t  R.T. )  a n d  rapid a n a l y s i s  ( 1 2  m i n )  o f  amino  a c i d s  
made P ico -Tag  t h e  method o f  c h o i c e  f o r  o u r  p u r p o s e .  
Upon H C 1  h y d r o l y s i s  d e s t r u c t i o n  o f  T r p ,  c o n v e r s i o n  of Asn a n d  G l n  t o  ASP a n d  
G l u . ,  a l s o  o x i d a t i o n  o f  c y s t e i n e  t o  c y s t i n e  a n d  c o n s e q u e n t l y  p a r t i a l  d e s t r u c -  
t i o n  of c y s t i n e  o c c u r  (Haschemeyer  a n d  H a s c h e m e y e r ,  1 9 7 3 ) .  Hence ,  i n  o r d e r  
t o  o b t a i n  complete a m i n o  ac id  p r o f i l e ,  a l g a l  p r o t e i n  i s o l a t e  ( f r a c t i o n  # 8 A )  
w a s  t r ea t ed  i n  - 3 d i f f e r e n t  ways: 1) H C 1  h y d r o l y s i s  a n d  P I T C  d e r i v a t i z a t i o n  
t o  d e t e c t  a l l  PTC-amino a c i d  d e r i v a t i v e s  e x c e p t  f o r  Cys.  a n d  T r p .  
2 )  P e r f o r m i c  ac id  o x i d a t i o n  f o l l o w e d  by H C 1  h y d r o l y s i s  a n d  d e r i v a t i z a t i o n  t o  
q u a n t i f y  t h e  amoun t  o f  c y s t e i n e  i n  t h e  fo rm o f  c y s t e i c  a c i d r  a n d  3 )  methane -  
s u l f o n i c  ac id  h y d r o l y s i s  f o l l o w e d  by d e r i v a t i z a t i o n  t o  o b t a i n  t h e  amoun t  o f  
t r y p t o p h a n .  Amino ac id  s t a n d a r d  used was Pierce s t a n d a r d  H. Leas t  s q u a r e  
t r e a t m e n t  o f  da t a  a n d  c a l c u l a t e d  r e g r e s s i o n  l i n e s  were u s e d  for quan-  
t i f i c a t i o n  o f  a m i n o  a c i d  c o n t e n t  of a l g a l  p r o t e i n s .  
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S u p e r c r i t i c a l  F l u i d  E x t r a c t i o n :  - --
S u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  of a l g a l  p i g m e n t s  a n d  l i p i d s  w a s  c a r r i ed  
o u t  i n  t w o  s t eps .  The 1st e x t r a c t i o n  was w i t h  s u p e r c r i t i c a l  carbon d i o x i d e  
( S C  -CO2) a n d  t h e  2nd e x t r a c t i o n  was w i t h  c a r b o n  d i o x i d e  a n d  a n h y d r o u s  
e t h a n o l  ( 2 2 % )  a s  a c o - s o l v e n t .  F r e e z e - d r i e d  a l g a l  p r o t e i n  c o n c e n t r a t e  
( f r a c t i o n  #6), 4.869 was c h a r g e d  a l t e r n a t e l y  b e t w e e n  l a y e r s  of g l a s s  wool 
t o  a n  e x t r a c t i o n  v e s s e l ,  a 1.8 c m  d i a m e t e r  X 30 c m  l o n g  s t a i n l e s s  s t ee l  
t u b e  ( A u t o c l a v e  E n g i n e e r s ,  I n c . ) ,  and  c o n n e c t e d  t o  t h e  s y s t e m  shown i n  
F i g u r e  2 ;  t h e  g l a s s  wool s e r v e d  t o  k e e p  t h e  a lgae  powder f rom c o m p a c t i n g  
d u r i n g  p a s s a g e  o f  g a s  t h r o u g h  t h e  e x t r a c t o r .  C a r b o n  d i o x i d e  (Airco ,  I n c . ,  
Grade 2 . 8 )  was s u p p l i e d  a t  a b o u t  87 bar p r e s s u r e  a n d  3 1 3 ° K  t o  t h e  s u c t i o n  
s i d e  of a d o u b l e - e n d  d i a p h r a g m  c o m p r e s s o r  ( S u p e r p r e s s u r e ,  I n c . )  a n d  was 
to the II,edsure,, ,ei ,~ press-6re. m L -  -----.--- ---- - - - & . - - - I - I ~ A  L.~ L I I ~  ~ L C J O U A S  w a r n  LUIICAUIISU U I  
b a c k - p r e s s u r e  r e g u l a t o r  ( C i r c l e  S e a l ,  B P R )  w h i c h  d i v e r t e d  t h e  b u l k  of t h e  
compressed gas  f rom t h e  s u r g e  t a n k  b a c k  t o  t h e  s u c t i o n  s i d e  of t h e  
compressor r e s u l t i n g  i n  a n  a lmos t  p u l s e - f r e e  f i o w  of gas to i i i e  e x i r a c i u r .  
The  h i g h - p r e s s u r e  gas  p a s s i n g  downs t r eam of t h e  c o m p r e s s o r  w a s  h e a t e d  i n  a 
t u b e  p r e h e a t e r  t o  a b o u t  3 3 8 ' K  a n d  was passed t h r o u g h  t h e  e x t r a c t i o n  v e s s e l  
w h i c h  w a s  m a i n t a i n e d  a t  3 3 8 " +  - 2 K by a t e m p e r a t u r e  i n d i c a t o r / c o n t r o l l e r  
w h i c h  m e a s u r e d  t h e  temperature  v i a  a n  i r o n - c o n s t a n t a n  t h e r m o c o u p l e  
( S u p e r p r e s s u r e ,  I n c . )  p o s i t i o n e d  i n  t h e  bed  o f  a lgae  powder  a n d  w h i c h  r e g u -  
l a t e d  power t o  a h e a t e r  (Glascol  t a p e s )  on t h e  e x t r a c t o r .  
T h e  s o l u t i o n  ( c o n s i s t i n g  o f  c a r b o n  d i o x i d e  a n d  d i s s o l v e d  ma te r i a l s )  
l e a v i n g  t h e  e x t r a c t i o n  v e s s e l  was p a s s e d  t h r o u g h  a h e a t e d ,  f l o w - r e g u l a t i n g ,  
p r e s s u r e  l e t -down  v a l v e  a n d  w a s  expanded  t o  a m b i e n t  p r e s s u r e .  The  
m a t e r i a l s  w h i c h  were d i s s o l v e d  by  t h e  g a s  p a s s i n g  t h r o u g h  t h e  e x t r a c t i o n  
v e s s e l  p r e c i p i t a t e d  d u r i n g  t h e  p r e s s u r e - r e d u c t i o n  s t e p  a n d  were s e p a r a t e d  
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f r o m  t h e  g a s  i n  a U-tube c o l l e c t o r  ( K i m b l e ,  200 m m )  whose  e x i t  j u n c t i o n  
w a s  f i t t e d  w i t h  a g l a s s  wool f i l t e r  t o  p r e v e n t  f i n e - p a r t i c l e  s o l i d s  from 
p a s s i n g  t h r o u g h  t h e  t u b e ;  a s e c o n d  U-tube w i t h  a more t i g h t l y  p a c k e d  g l a s s  
wool f i l t e r  w a s  p o s i t i o n e d  downs t r eam o f  t h e  f i r s t  c o l l e c t o r  a n d  s e r v e d  t o  
t r a p  a n y  f i n e  p a r t i c l e s  w h i c h  migh t  h a v e  passed t h r o u g h  t h e  f i r s t  f i l t e r .  
T h e  a m b i e n t  gas  l e a v i n g  t h e  c o l l e c t i o n  s y s t e m  passed t h r o u g h  a ro ta -  
meter, ( F i s c h e r - P o r t e r ,  I n c . ,  S e r i e s  1 O A  35) f o r  f l o w  r a t e  m e a s u r e m e n t  a n d  
t h r o u g h  a d r y  t e s t  meter ( S i n g e r ,  I n c . ,  DTM-200) f o r  f low volume i n t e g r a -  
t i o n .  The f l o w  r a t e  o f  t h e  c a r b o n  d i o x i d e  t h r o u g h  t h e  e x t r a c t o r  w a s  main- 
t a i n e d  a t  3 SLPM ( s t a n d a r d  l i ters  p e r  m i n u t e ) .  A t o t a l  o f  0 .66  g o f  g r e e n  
semi s o l i d  m a t e r i a l s ,  S C - C 0 2  e x t r a c t  ( f r a c t i o n  # 7 B )  w a s  co l lec ted  ( i n  t h e  
U - t u b e )  d u r i n g  t h e  p a s s a g e  o f  720 g of c a r b o n  d i o x i d e  a t  380 bar  p r e s s u r e ,  
A i i e r  t i l e  ext--actioil - - 1 L I -  ---I--- 2 : - . - - d -  - C - - - & Z 1 -  - 4  t L r r  -k3.-",. 
W A L I I  L a L u v i i  U A u A ; u =  a L L u L L L w I a  w A  L a a s  b..--YG of n l g a e  
( S C - C O 2  r e s i d u e ,  f r a c t i o n  #8B) w a s  removed f rom t h e  v e s s e l  t o  be u s e d  f o r  
s o l u b i l i t y  tests, t h e  v e s s e l  was resealed a n d  c o n n e c t e d  t o  t h e  s y s t e m .  T h e  
Lna  e x t r a c t i o n  w a s  c a r r i e d  OUL w i t n  S C - C o 2  ai; 360 i ) a ~  p ~ e a a u ~ e  ~ I I G  338" IC, 
w i t h  a n h y d r o u s  e t h a n o l  added a s  a c o - s o l v e n t .  I t  w s  pumped i n t o  t h e  s y s t e m  
a t  t h e  e n t r a n c e  t o  t h e  e x t r a c t o r .  The  r a t i o  o f  e t h a n o l  t o  c a r b o n  d i o x i d e  
was 100 t o  360 g ( 2 2 % ) .  The SC-CO2 + E t O H  e x t r a c t  ( d a r k  g r e e n  e t h a n o l  
s o l u t i o n )  was co l l ec t ed  i n  a c o n t a i n e r  ( f r a c t i o n  # 7 C ) .  The  S C - C 0 2  + E t O H  
r e s i d u e  ( f r a c t i o n  # 8 C )  was u s e d  f o r  s o l u b i l i t y  tes t  ( F i g .  3 ) .  
S o l u b i l i t y  T e s t :  
A l g a l  p r o t e i n  i s o l a t e  ( f r a c t i o n  # 8 A ) ,  S C - C 0 2  r e s i d u e  ( f r a c t i o n  8 B )  a n d  
SC-CO2 + EtOH r e s i d u e  ( f r a c t i o n  #8C) were u s e d .  T o  100 m g  o f  e a c h  f r a c -  
t i o n ,  10 m l ,  0.05 M p h o s p h a t e  b u f f e r ,  pH 8.0 ( b a s e d  on p H - s o l u b i l i t y  pro- 
f i l e  o f  p l a n t  p r o t e i n s ,  Wolf, 1978)  w a s  added.  The samples were m i x e d  a n d  
s to red  a t  room t e m p e r a t u r e  f o r  a b o u t  1 h r .  They  were t h e n  c e n t r i f u g e d  a t  
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15,000 RPM f o r  10 min. a t  2"  C. T h e  s u p e r n a t a n t  was c o l l e c t e d  a n d  t h e  
p e l l e t  w a s  washed  w i t h  a n o t h e r  2 m l  of p h o s p h a t e  b u f f e r  a n d  r e c e n t r i f u g e d .  
The  wash  was a d d e d  t o  s u p e r n a t a n t  ( k e p t  a t  5" C )  a n d  t h e  p e l l e t  was f r e e z e -  
d r i e d  ( V i r t i s  R e s e a r c h  E q u i p m e n t ,  G a r d i n e r ,  N Y ) .  P r o t e i n  c o n c e n t r a t i o n  o f  
t h e  s u p e r n a t a n t s  a n d  t h e  p e l l e t s  were  d e t e r m i n e d  u s i n g  t h e  m i c r o k j e l d a h l  
m e t h o d  ( A . O . A . C . ,  1 9 8 0 ) .  S o l u b i l i t y  w a s  d e f i n e d  as:  
P r o t e i n  i n  s u p e r n a t a n t  (mg) X 100 
(Sum o f  p r o t e i n  i n  s u p e r n a t a n t  a n d  p e l l e t )  mg 
% S o l u b i l i t y =  
A b s o r p t i o n  Spectra:  
A b s o r p t i o n  spec t ra  of S C - C 0 2  e x t r a c t  ( f r a c t i o n  # 7 B )  a n d  S C - C 0 2  + E t O H  
e x t r a c t  ( f r a c t i o n  # 7 C )  i n  t h e  r a n g e  o f  700 t o  240 nm w e r e  o b t a i n e d  a n d  com- 
pared with t h a t  or' Fraciiiuri I H ,  w i i i c i i  1s L i i e  L u i l f ~ - i y - c t h a i i a l  e x t r a c t .  
S i n c e  SC-CO2 e x t r a c t  ( f r a c t i o n  # 7 B )  is  i n  t h e  fo rm o f  s e m i  s o l i d  ma te r i a l s ,  
a n  a l i q u o t  was d i s s o l v e d  i n  h e x a n e r  f i l t e r e d  (Mil lex-SLSR025NS) a n d  u s e d  
f o r  t h i s  s t u d y .  
Clr a .  
A n a l y s i s  of Algal  L i p i d s :  
I s o l a t i o n  of a l g a l  l i p i d  componen t s  ( n e u t r a l ,  g l y c o  a n d  p h o s p h o l i p i d s )  
u s i n g  s e q u e n t i a l  s o l v e n t  e x t r a c t i o n ,  g e l  f i l t r a t i o n  a n d  t h i n  l a y e r  chroma- 
t o g r a p h y ,  a s  w e l l  a s  d e t e r m i n a t i o n  o f  f a t t y  a c i d  c o m p o s i t i o n  u s i n g  GC is 
u n d e r w a y .  S C - C 0 2  a n d  S C - C 0 2  + E t O H  e x t r a c t s  ( f r a c t i o n s  # 7 B  a n d  7 C )  a n d  t h e  
c o r r e s p o n d i n g  r e s i d u e s  ( f r a c t i o n s  # 8 B  a n d  8 C )  w i l l  be a n a l y z e d .  
R E S U L T S  AND D I S C U S S I O N  
M o l e c u l a r  W e i q h t  D e t e r m i n a t i o n :  
L i t e r a t u r e  on m o l e c u l a r  w e i g h t s  o f  a l g a l  p r o t e i n s  i s  l i m i t e d .  L e e  a n d  
P i c a r d  ( 1 9 8 2 )  s t u d i e d  t h e  e l e c t r o p h o r e t i c  p a t t e r n  o f  O o c y s t i s  a l g a l  pro- 
t e i n s  u s i n g  t h r e e  s y s t e m s :  T r i s - g l y c i n e  pH 8.7, SDS-gel a n d  SDS-gel w i t h  
2 - m e r c a p t o e t h a n o l .  U s i n g  t h e  SDS-gel  a l o n g  w i t h  d i s s o c i a t i n g  a g e n t s  t h e y  
o b s e r v e d  a wide s p e c t r u m  o f  m o l e c u l a r  w e i g h t s  ( M . W . )  r a n g i n g  f r o m  1 2 , 5 0 0  t o  
2 5 0 , 0 0 0 .  I n  o u r  s t u d y  u s i n g  SDS-PAGE w e  a l s o  o b t a i n e d  wide r a n g e  o f  M . W .  
f o r  S c e n e d e s m u s  o b l i q u u s  p r o t e i n s .  F i g u r e  4 shows  t h e  e l e c t r o p h o r e t i c  pat-  
t e r n  o f  p r o t e i n  c o n c e n t r a t e  ( f r a c t i o n  # 6 ) .  The M.W. of p r o t e i n s  r a n g e d  
f r o m  15,000 ( b a n d  # 2 0 )  t o  2 2 0 , 0 0 0  ( b a n d  #l). Major p r o t e i n  b a n d s  
c o r r e s p o n d e d  t o  b a n d s  # 7, 14,  15 ,  18,  19,  a n d  20 w i t h  M.W. o f  55,000, 
30,000, 2 8 , 0 0 0 ,  18,000, 16,500 a n d  15,000 r e s p e c t i v e l y .  Band # 2 1  
c o r r e s p o n d e d  t o  c h l o r o p h y l l  a n d  o t h e r  a l g a l  p i g m e n t s  ( M . W .  below 1 ,000)  
w h i c h  migr.ated t o  t h e  f r o n t  o f  t h e  g e l ,  
of p r o t e i n  i s o l a t e  o b t a i n e d  from e t h a n o l  e x t r a c t i o n  ( f r a c t i o n  # 8 A )  w i t h  
A c o m p a r i s o n  o f  SDS-PAGE p a t t e r n  
t h a t  of p r o t e i n  i s o l a t e  r e s u l t i n g  f rom s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  
( f r a c t i o n s  #8B a n d  8 C )  w i l l  e n a b l e  us t o  d e t e c t  t h e  e x t e n t  o f  c h a n g e s  s u c h  
a s  o l i g o m e r i z a t i o n  a n d / o r  p a r t i a l  f r a g m e n t a t i o n  of t r e a t e d  a i g a i  p r o t e i n s ,  
l s o e i e c t r i c  p o i n t  D e t e r m i n a t i o n :  
T h e r e  is no  repor t  a v a i l a b l e  on i s o e l e c t r i c  p o i n t s  o f  a l g a l  p r o t e i n s .  
T h e  IEF  p a t t e r n  o f  a l g a l  p r o t e i n s  and  p H  p r o f i l e  o f  IEF  g e l  f o r  deter-  
m i n a t i o n  o f  t h e  PI's o f  f o c u s e d  p r o t e i n s  a r e  shown i n  f i g u r e  5. The 
i s o e l e c t r i c  p o i n t s  o f  t h e  a l g a l  p r o t e i n s  r a n g e d  f r o m  3.95 ( b a n d  #15) t o  
6 .20  ( b a n d  # 2 ) .  Major p r o t e i n  b a n d s  c o r r e s p o n d e d  t o  bands #7, 9 ,  11 a n d  13  
w i t h  P I ' s  of 5.45, 5 , 2 0 ,  4.85 a n d  4.35 r e s p e c t i v e l y .  Band #1 c o r r e s p o n d e d  
t o  c h l o r o p h y l l  a n d  o t h e r  p i g m e n t s  wh ich  d i d  n o t  m i g r a t e  i n  t h e  IEF g e l .  
Amino Acid C o m p o s i t i o n :  
N u t r i t i o n a l  v a l u e  of p r o t e i n s  is p r i m a r i l y  d e t e r m i n e d  by t h e i r  amino  
a c i d  c o m p o s i t i o n .  Hence  a m i n o  a c i d  p r o f i l e  o f  a l g a l  p r o t e i n  ( S c e n e d e s m u s  
o b l i q u u s )  w a s  s t u d i e d  a n d  aminograms were o b t a i n e d  ( f i g u r e  6 ) .  
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The  a m i n o  ac id  c o n t e n t  o f  a l g a l  p r o t e i n s  compared f a v o r a b l y  w i t h  FA0 
s t a n d a r d s ,  T a b l e  1. A n a l y s i s  of  amino a c i d  c o m p o s i t i o n  r e v e a l e d  h i g h  con- 
t e n t  o f  l e u c i n e ,  v a l i n e ,  p h e n y l a l a n i n e  a n d  l y s i n e  a n d  l o w  c o n t e n t  of  
m e t h i o n i n e  a n d  t r y p t o p h a n .  ( T h e  h i g h  v a l u e s  f o r  c y s t e i n e  c o n t r a r y  t o  
repor ted  l o w  v a l u e s  i n  t h e  l i t e r a t u r e  is b e c a u s e  w e  a n a l y s e d  c y s t e i n e  i n  
t h e  f o r m  o f  c y s t e i c  a c i d  w h i c h  y i e l d e d  i n  a b o u t  70% more compared t o  v a l u e s  
w e  o b t a i n e d  f o r  c y s t i n e ) .  
T h e r e  is  no  d a t a  r e p o r t e d  on amino  a c i d  c o m p o s i t i o n  o f  S c e n e d e s m u s  
o b l i q u u s  c u l t i v a t e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s  ( C C D A ) .  However ,  t h e r e  
a r e  r e p o r t s  on a m i n o  a c i d  c o m p o s i t i o n  o f  S c e n e d e s m u s  o b l i q u u s  c u l t i v a t e d  
u n d e r  o p e n  a i r  c o n d i t i o n s  a c c o r d i n g  t o  German t e c h n i q u e  o f  Dortmund (Bock 
a n d  Wunsche ,  1 9 6 7 ,  S o e d e r  -- e t  a t . ,  1 9 7 0 ,  Walz -- e t  a l . ,  1 9 7 5 ,  a n d  K u g l e r  a n d  
P i t n a k p o i ,  I Y / ~ ) ;  c u i i i v a t i m  p ~ i i d s  ( B e c k s r ,  l 9 g l . )  s ~ d  unspecified ccz- 
d i t i o n s  ( W a s l i e n ,  1 9 7 5 ) .  The  c o m p a r i s o n  o f  t h e  a m i n o g r a m s  f r o m  S c e n e d e s m u s  
. S A - - ,  
o b l i q u u s  c u l t i v a t e d  u n d e r  d i f f e r e n t  c o n d i t i o n s  r e v e a l e d  a s i m i l a r  p a t t e r n  
o f  h i g h  c o n t e n t  of v a l i n e ,  l e u c i n e  a n a  i y s i n e  a n d  i o w  conterii  UT ~ ~ i e t h i o i ~ i n t :  
a n d  t r y p t o p h a n .  Our  r e s u l t s ,  showed r e l a t i v e l y  h i g h e r  v a l u e s  f o r  iso- 
l e u c i n e ,  l e u c i n e  a n d  p h e n y l a l a n i n e .  
T h e  n u t r i t i o n a l  v a l u e  o f  g r e e n  a l g a e  d e p e n d s  on d i g e s t i b i l i t y  w h i c h  
d e p e n d s  on  p r e t r e a t m e n t  o f  a l g a e  and d i s r u p t i o n  o f  t h e  c e l l  w a l l .  L o w  
n u t r i t i o n a l  v a l u e  is t o  be e x p e c t e d  i f  a l g a e  is n o t  s u f f i c i e n t l y  p r o c e s s e d  
( P a y e r  -7 e t  a l . ,  1980) .  N u t r i t i o n a l  v a l u e  ( b i o l o g i c a l  v a l u e ,  BV, d i g e s t i b i -  
l i t y ,  D ,  n e t  p r o t e i n  u t i l i z a t i o n ,  N P U ,  a n d  p r o t e i n  e f f i c i e n c y  r a t i o ,  P E R )  
o f  pretreated - S c e n e d e s m u s  o b l i q u u s  c u l t i v a t e d  u n d e r  o p e n  a i r  c o n d i t i o n s  
(Dor tmund  t e c h n i q u e )  has b e e n  s t u d i e d  i n  a series of d i f f e r e n t  a n d  i n d e p e n -  
d e n t  i n v e s t i g a t i o n s  i n  a n i m a l s  and  a l s o  i n  human v o l u n t e e r s .  The  r e s u l t s  
r e p e a t e d l y  a n d  u n e q u i v o c a l l y  c o n f i r m e d  h i g h  n u t r i t i v e  v a l u e  of a l g a l  p ro -  
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t e i n s  ( P a b s t ,  1 9 7 8 ,  K o f r a n y i  a n d  J e k a t ,  1 9 6 7 ,  Mul l e r -Weske r  a n d  K o f r a n y i ,  
1 9 7 3 ,  a n d  P a y e r  e t  a l . ,  1980) .  Drum-dried S c e n e d e s m u s  o b l i q u u s  was s t u d i e d  
a s  a d i e t  componen t  i n  r a t s .  High  n u t r i t i o n a l  v a l u e  d u e  t o  i m p r o v e d  pro- 
t e i n  d i g e s t i b i l i t y  ( a s  a r e s u l t  of c e l l  d i s r u p t i o n )  w a s  r epo r t ed ,  T a b l e  2 
( P a b s t ,  1 9 7 4 ,  a n d  Richmond,  1 9 8 3 ) .  F o r t i f i c a t i o n  of w h e a t  a n d  r i c e  w i t h  
p r o t e i n s  from S c e n e d e s m u s  a c u t u s  i n  r a t s '  d i e t s  r e s u l t e d  i n  s i g n i f i c a n t l y  
h i g h e r  PER v a l u e  t h a n  cereal d i e t  a l o n e  ( V e n k a t a m a r a n  -- e t  a l . ,  1 9 7 7 ) .  They  
a l s o  c o n c l u d e d  t h a t  S c e n e d e s m u s  p r o t e i n s  s u p p l e m e n t e d  w h e a t  p r o t e i n s  t o  a 
g r e a t e r  e x t e n t  t h a n  r ice .  
-- 
I n  summary,  a l g a l  p r o t e i n s ,  b e c a u s e  o f  t h e i r  h i g h  c o n t e n t  of e s s e n t i a l  
a m i n o  a c i d s  ( v a l i n e ,  l e u c i n e ,  l y s i n e  a n d  p h e n y l a l a n i n e )  upon c e l l  w a l l  r u p -  
t u r e  a n d  r e m o v a l  o f  u n d e s i r a b l e  c o m p o n e n t s ,  c a n  s i g n i f i c a n t l y  i m p r o v e  t h e  
n u t r i t i o n a l  v a l u e  o f  o t h e r  p l a n t  p r o t e i n s  e . g .  cereals  ( w n e a t ,  r i ce  a n d  
c o r n  w i t h  l y s i n e  - a s t h e i r  l i m i t i n g  a m i n o  a c i d ) ,  l e g u m e s ,  e t c .  a n d  s e r v e  a s  
a h i g h  q u a l i t y  componen t  of CELSS d i e t s .  Wheat  a n d  s o y b e a n s  are  c o n s i d e r e d  
a s  t w o  s o u r c e s  o f  m a c r o n u t r i e n t s  i n  C E L S S  d i e t  s c e n a r i o  (Karel a n d  Kamarei, 
1 9 8 4 )  . 
S u p e r c r i t i c a l  F l u i d  E x t r a c t i o n :  
I n  o u r  p r e v i o u s  s t u d y  b o i l i n g  e t h a n o l  w a s  u s e d  t o  remove  p i g m e n t s  a n d  
l i p i d s .  E t h a n o l  t r e a t m e n t  of a l g a l  p r o t e i n s  ( r e g a r d l e s s  o f  e x t r a c t i o n  
t e m p e r a t u r e )  i m p r o v e s  t h e  color  a n d  f l a v o r  of t h e  i s o l a t e ,  b u t  c a u s e s  dena -  
t u r a t i o n  a n d  c o n s e q u e n t l y  a g g r e g a t i o n  of a l g a l  p r o t e i n s  w i t h  loss o f  s o l u -  
b i l i t y .  S u p e r c r i t i c a l  f l u i d s  a r e  r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n  a s  
e x t r a c t i o n  s o l v e n t s .  B e c a u s e  o f  t h e i r  p r e s s u r e - d e p e n d e n t  d i s s o l v i n g  power 
p rope r t i e s  o f t e n  d i s p l a y  t h e  f r a c t i o n a t i o n  a b i l i t y  of m u l t i c o m p o n e n t  s o l u -  
t e s  ( K r u k o n i s ,  1 9 8 4 )  . S u p e r c r i t i c a l  c a r b o n  d i o x i d e  (SC-CO2)  h a s  been  con- 
s i d e r e d  by many i n v e s t i g a t o r s  a s  t h e  i d e a l  f l u i d  f o r  e x t r a c t i o n  a n d  
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s e p a r a t i o n  processes. I t  is  reported t o  b e h a v e  v e r y  much l i k e  a h y d r o c a r -  
bon  s o l v e n t  w i t h  v e r y  l o w  p o l a r i z a b i l i t y  ( H y a t t r  1984) .  T h e r e f o r e ,  t h e  u s e  
of SC-CO2 f o r  e x t r a c t i o n  o f  l i p i d s  or l i p i d  s o l u b l e  ma te r i a l s  w h i l e  g i v i n g  
comparable y i e l d s  o f f e r s  s e v e r a l  a d v a n t a g e s .  
O r g a n i c  s o l v e n t s  a re  f l a m m a b l e  a n d  e x p l o s i v e .  They  m i g h t  a l s o  c o n t a i n  
t r aces  o f  h i g h e r  b o i l i n g  f r a c t i o n s  t h a t  may be l e f t  i n  t h e  e x t r a c t  a n d  p o s e  
a p o t e n t i a l  h e a l t h  h a z a r d  ( C h r i s t i a n s o n  -7 e t  a l . r  1 9 8 2 ) .  On t h e  o t h e r  hand  
c a r b o n  d i o x i d e  is n o n t o x i c r  nonf l ammable  a n d  r a t h e r  e a s i l y  s e p a r a t a b l e  f rom 
t h e  e x t r a c t e d  ma te r i a l s .  
T h e r e  a r e  a n  i n c r e a s i n g  number o f  repor t s  on r e p l a c e m e n t  o f  l i p o p h i l i c  
e x t r a c t i o n s  by SC-CO2. E x t r a c t i o n s  o f  o i l  from c o r n  germ ( C h r i s t i a n s o n  - e t  
a l . r  1 9 8 2  a n d  C h r i s t i a n s o n  -- e t  a l . r  1984) ;  s o y b e a n s  ( Q u i r i n ,  1 9 8 2 ,  L i s t  a n d  
F r i e d r i c h r  1 9 8 5  a n d  E l d r i d g e  -- e t  a l . r  1 9 8 6 ) ;  c o t t o n s e e d  ( L i s t  e t  a l . ,  1984);  
-
l i ip i f i s  seeds ( S t a h l  et al., A&"*, 1 0 ~ 1  U*.U s n A  U..* =n;maI ... U.. n ; I c  -&-I -..- ana f a t s  ^---  !st_ahl: 1982) -- 
u s i n g  s u p e r c r i t i c a l  C02 h a s  b e e n  r e p o r t e d .  
C o m p a r a t i v e  s t u d y  on t h e  s t o r a g e  s t a b i l i t y  o f  d e f a t t e d  c o r n  germ f l o u r  
u s i n g  h e x a n e  a n d  SC-C02 showed s i g n i f i c a n t  r e d u c t i o n  of p e r o x i d a s e  a c t i v i t y  
( a p p a r e n t l y  as  a r e s u l t  o f  p r o t e i n  d e n a t u r a t i o n  u n d e r  t h e  e x t r a c t i o n  con- 
d i t i o n s r  3 4 4  t o  551 bar  p r e s s u r e  and 323'K) a n d  h i g h  f l a v o r  q u a l i t y  upon 
acce le ra t ed  s to rage  t e s t s  f o r  SC-C02 e x t r a c t e d  c o r n  germ f l o u r  
( C h r i s t i a n s o n  -- e t  a l . ,  1 9 8 4 ) .  S i m i l a r  s t u d y  on o i l  e x t r a c t i o n  o f  s o y b e a n  
f l a k e s  u s i n g  SC-CO2 ( 7 3 0  t o  8 5 4  bar p r e s s u r e r  353-373"K a n d  5-13% m o i s t u r e )  
a n d  h e x a n e  a l s o  r e s u l t e d  i n  b e t t e r  f l a v o r  q u a l i t y  a n d  s h e l f  l i f e  f o r  SC-  
C02 d e f a t t e d  s o y b e a n  f l o u r  ( E l d r i g e  -- e t  a l . r  1 9 8 6 ) .  I n  a comparative s t u d y  
o n  o x i d a t i o n  s t a b i l i t y  o f  " o i l "  extracted from s o y b e a n  f l a k e s  u s i n g  e i t h e r  
SC-C02 a t  344 bar a n d  323OK o r  h e x a n e r  SC-C02 e x t r a c t i o n  y i e l d e d  a p r o d u c t  
comparable t o  a h e x a n e - e x t r a c t e d  degummed s o y b e a n  o i l .  P h o s p h a t i d e s  were 
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e s s e n t i a l l y  a b s e n t  i n  S C - C 0 2  and t h i s  may be t h e  r eason  f o r  lower o x i d a t i v e  
s t a b i l i t y  of SC-CO2 e x t r a c t e d  soybean o i l  ( L i s t  and F r i e d r i c h ,  1985) .  
There is no r e p o r t  on s u p e r c r i t i c a l  e x t r a c t i o n  of a l g a l  l i p i d s  and/or  
p igments .  T h e  e x t r a c t i o n  of a l g a l  p r o t e i n  c o n c e n t r a t e  ( f r a c t i o n  # 6 )  
u s i n g  (SC-CO2) r e s u l t e d  i n  removal of q r e e n  P semi s o l i d  m a t e r i a l s  b e l i e v e d  t o  
c o n t a i n  nonpolar  l i p i d s  and l i p i d - s o l u b l e  pigments ( such  a s  c h l o r o p h y l l  and 
c a r o t e n o i d s ) .  C h l o r o p h y l l s  a r e  c l a s s i f i e d  a s  l i p i d -  and wa te r - so lub le  and 
c a r o t e n o i d s  as l i p i d - s o l u b l e  pigments (C lydesda le  and F r a n c i s l  1976) .  The 
y i e l d  of SC-C02 e x t r a c t  ( f r a c t i o n  #7B) was 7%. T h e  a b s o r p t i o n  s p e c t r a  of 
f r a c t i o n  #7B ( d i s s o l v e d  i n  hexane)  i n d i c a t e d  t h e  predominance of c h l o r o p h y l l  
A ( w i t h  a b s o r p t i o n  maximum, h,ax a t  410 nm) and some o t h e r  minor peaks pro- 
bab ly  due  to e x t r a c t e d  c a r o t e n o i d s .  T h e  y i e l d  of SC-C02 r e s i d u e  ( f r a c t i o n  
# 8 B )  which had a n  "o l ive -g reen"  co lo r  was 44.6%. F u r t h e r  e x t r a c t i o n  ui pio- 
t e i n  i s o l a t e  ( f r a c t i o n  #8B) u s i n g  SC-C02 and 2 2 %  e t h a n o l  r e s u l t e d  i n  a d a r k  
green e t h a n o l  s o l u t i o n  b e l i e v e d  t o  c o n t a i n  p o l a r  l i p i d s  and c h l o r o p h y l l s  
( f r a c t i o n  #7C) w i t h  t h e  y i e l d  of 1 2 % .  T h e  a b s o r p t i o n  s p e c t r a  01: sc-co2 + 
E t O H  e x t r a c t  i n d i c a t e d  mainly t h e  p resence  of c h l o r o p h y l l  A and t r a c e s  of 
c h l o r o p h y l l  B (Amax a t  470 nm). The a b s o r p t i o n  s p e c t r a  of SC-CO2 + E t O H  
e x t r a c t  ( f r a c t i o n  #7C) were a lmost  i d e n t i c a l  t o  t h o s e  of e t h a n o l  e x t r a c t  
( f r a c t i o n  #7A). The S C - C 0 2  + E t O H  r e s i d u e  ( f r a c t i o n  #8C) had a " l i g h t  o l i v e "  
c o l o r  s i m i l a r  t o  e t h a n o l  e x t r a c t  r e s i d u e  ( f r a c t i o n  #8A). Yie ld  of a l g a l  
p r o t e i n  i s o l a t e  o b t a i n e d  from SC-C02 + E t O H  e x t r a c t i o n  was 33%.  T h e  
remain ing  ba lance  a s  compared t o  p r e v i o u s l y  r e p o r t e d  va lue  f o r  f r a c t i o n  8 A  
w h i c h  was 36.6%, is due t o  t h e  removal of 19% t o t a l  l i p i d s  (nonpo la r  and 
p o l a r )  and pigments  ( f r a c t i o n  #7B + 7C) compared t o  15% ( f r a c t i o n  #7A). W e  
b e l i e v e  t h a t  SC-CO2 e x t r a c t i o n  r e s u l t e d  i n  more e f f i c i e n t  removal of non- 
p o l a r  l i p i d s .  I s o l a t i o n  a n d  de t e rmina t ion  of l i p i d  components ( n e u t r a l ,  
g l y c o  and p h o s p h o l i p i d s )  and f a t t y  a c i d  composi t ion of v a r i o u s  e x t r a c t s  
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( e t h a n o l ,  SC-C02 a n d  SC-C02 + E t O H )  a n d  t h e  r e s i d u e s  is underway  a n d  w i l l  b e  
r e p o r t e d  i n  o u r  n e x t  paper .  P r o t e i n  c o n c e n t r a t i o n  of SC-C02 + E t O H  r e s i d u e  
( p r o t e i n  i s o l a t e  8 C )  was 6 9 . l % ,  s imi la r  t o  t h e  e t h a n o l  r e s i d u e  ( p r o t e i n  i s o -  
l a t e  8 A )  w h i c h  was 70.5%. T a b l e  3 shows  t h e  y i e l d ,  p r o t e i n  c o n c e n t r a t i o n  
a n d  r e c o v e r y  o f  v a r i o u s  a l g a l  f r a c t i o n s .  
P r o t e i n  R e c o v e r v :  
R e c o v e r y  o f  O o c y s t i s  a l g a l  p r o t e i n s  w a s  s t u d i e d  by L e e  a n d  P i c a r d  
( 1 9 8 2 ) .  U s i n g  s u c c e s s i v e  ammonium s u l f a t e  f r a c t i o n a t i o n s  t h e y  r e c o v e r e d  
4 4 %  o f  a l g a l  p r o t e i n s .  The p ro te in  r e c o v e r y  i n c r e a s e d  t o  66% when t h e  
f r a c t i o n a t i o n  was d o n e  i n  t h e  p r e s e n c e  o f  ascorb ic  a c i d  a n d  i n s o l u b l e  PVP 
( p o l y v i n y l p y r r o l i d o n e ) .  The  presence o f  e n d o g e n o u s  p r o t e o l y t i c  a n d  o x i d a -  
t i v e  enzymes  may p a r t i a l l y  impa i r  t h e  r e c o v e r y  o f  p l a n t  p r o t e i n s .  
P h e n o l o x i d a s e  a n d  p e r o x i d a s e  c a t a l y z e  t h e  r e d u c t i o n  o f  O - d i p h e n o l s  t o  
q u i n o n e s ;  s u b s e q u e n t l y  t h e  q u i n o n e s  p o l y m e r i z e  a n d  f o r m  c o m p l e x e s  w i t h  pro- 
t e i n s  t h u s  i m p a i r i n g  t h e  s o l u b i l i t y  ( L o o m i s  a n d  B a t t a i l e ,  1966; B e t s c h a r t  
a n d  K i n s e l l a ,  1973; L e e  a n d  P i c a r d !  1 9 8 2 ;  C r e m e r  a n d  Van D e  Walle, 1 9 8 4 ) .  
T h e  f o r m a t i o n  o f  t h e s e  complexes i s  p r e v e n t e d  by e x t r a c t i n g  t h e  p l a n t  pro- 
t e i n s  i n  t h e  p r e s e n c e  of r e d u c i n g  a g e n t s  ( s u c h  a s  ascorbic  a c i d )  a n d  by  
r e m o v i n g  t h e  p h e n o l s  w i t h  s u b s t a n c e s  s u c h  a s  PVP w h i c h  f o r m s  h y d r o g e n  b o n d s  
w i t h  p h e n o l s .  N o n s p e c i f i c  a g g r e g a t i o n  o f  p l a n t  p r o t e i n s  is a l s o  r e p o r t e d  
i n  t h e  l i t e r a t u r e  a n d  b e l i e v e d  t o  be t h e  r e s u l t  o f  s u l p h y d r y l  i n t e r a c t i o n s  
( S t a h m a n /  1 9 6 3 ) .  
S o l u b i l i t y  o f  A l q a l  P r o t e i n s :  
S o l u b i l i t y  of a l g a l  p r o t e i n s  is shown i n  Table  3. Under  o u r  e x p e r i m e n t a l  
c o n d i t i o n s ,  t h e  s o l u b i l i t y  of a l g a l  p r o t e i n  ( f r a c t i o n  # 6 )  p r i o r  t o  r e m o v a l  
of p i g m e n t s  a n d  l i p i d s  was 63%.  Upon e x t r a c t i o n  w i t h  e t h a n o l  t h e  s o l u b i -  
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l i t y  d e c r e a s e d  t o  20% ( p r o t e i n  i s o l a t e  8 A ) .  The  s o l u b i l i t y  o f  
SC-C02 r e s i d u e  ( p r o t e i n  i s o l a t e  8B) w a s  45% a n d  of SC-CO2 + E t O H  r e s i d u e  
w a s  41%- 
P a r t i a l  p r o t e i n  d e n a t u r a t i o n  a s  a r e s u l t  o f  " a n h y d r o u s "  SC-CO2 ex t rac-  
t i o n  (344 t o  551 bar  a n d  323'K) o f  d r y - m i l l e d  c o r n  germ f l o u r  ( C h r i s t i a n s o n  
-- e t  a l . ,  1 9 8 4 )  a n d  "humid"  SC-CO2 (730 t o  854 b a r ,  a t  3 5 3  t o  373°K a n d  5-13?, 
m o i s t u r e )  e x t r a c t i o n  o f  s o y b e a n  f l a k e s  ( E l d r i d g e  -- e t  a l . ,  1 9 8 6 )  h a s  b e e n  
r epor t ed .  C h r i s t i a n s o n  -- e t  a l .  ( 1 9 8 4 )  c o n s i d e r e d  d e n a t u r a t i o n  t o  be t h e  
r e s u l t  o f  h i g h  p r e s s u r e  e x t r a c t i o n .  However ,  t h i s  p a r t i a l  d e n a t u r a t i o n  
r e s u l t e d  i n  r e d u c t i o n  of p e r o x i d a s e  a c t i v i t y  ( h e a t - r e s i s t a n t  o x i d a t i v e  
e n z y m e )  a n d  c o n s e q u e n t l y  b e t t e r  s t o r a g e  s t a b i l i t y  o f  t h e  e x t r a c t e d  c o r n  
germ f l o u r  a n d  s o y b e a n  f l a k e s .  Weder (1980 a n d  1 9 8 4 )  s t u d i e d  t h e  e f f e c t  o f  
i lUl l l id  y U p e i c i - i t i ~ a l  coz ar,d :2 r ; t  2cc bsr ,  352°K U'l" - - A  - m n m  L " V . L I  t - r n n e r z s t l r r n  b....y.*LYC-&- c ) ~  
t h e  s t r u c t u r e  a n d  a m i n o  a c i d  c o m p o s i t i o n  of r i b o n u c l e a s e  a n d  l y s o z y m e .  The  
a m i n o  a c i d  c o m p o s i t i o n  a n d  TNBS- reac t ive  l y s i n e  ( t r i n i t r o b e n z e n e  s u l f o n i c  
a c i d  j r e m a i n e a  u n a i t e r e d .  rariciai  oiigornerizaiiwri ( d u e  cu U A D U I L I ~ ~ ~ ~  aiiu 
some f r a g m e n t a t i o n  o f  p r o t e i n  m o l e c u l e s  i n  p r o t e i n  e x t r a c t e d  a t  353°K w a s  
d e t e c t e d .  N o  o l i g o m e r s  were de tec ted  u s i n g  SDS-PAGE when e x t r a c t i o n  was a t  
room t e m p e r a t u r e .  The o c c u r r e n c e  of  t h e  c h a n g e s  i n  t h e  p r o t e i n  m o l e c u l e s  
w a s  c o n c l u d e d  t o  be t h e  r e s u l t  o f  h e a t i n g  p r o t e i n s  i n  t h e  p r e s e n c e  o f  water 
r e g a r d l e s s  o f  t h e  n a t u r e  o r  p r e s s u r e  o f  t h e  g a s  u s e d ,  T r y p t i c  d i g e s t i o n  o f  
t h e  t reated p r o t e i n s  i n d i c a t e d  a b e t t e r  d i g e s t i b i l i t y  t h a n  u n t r e a t e d  pro- 
t e i n s .  
L .  3 2  - . . l Z ? 3 - - \  --2l 
I n  o u r  sys tem,  decrease i n  t h e  s o l u b i l i t y  of p r o t e i n  i so l a t e  ( 4 1 % )  a s  
compared t o  p r o t e i n  c o n c e n t r a t e  (63%) c o u l d  p o s s i b l y  be d u e  t o  t h e  extrac-  
t i o n  t e m p e r a t u r e  (338'K). I n  o u r  p r e v i o u s  s t u d y  on e n z y m a t i c  r e a c t i o n s  o f  
p o l y p h e n o l  ox idase  i n  s u p e r c r i t i c a l  f l u i d s  t h e  enzyme w a s  f o u n d  t o  be cata-  
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l y t i c a l l y  a c t i v e  a t  344 b a r ,  307OK a n d  309'K (Hammond -- e t  a l . ,  1 9 8 5 )  i n d i -  
eating t h a t  no  p r o t e i n  d e n a t u r a t i o n  h a s  o c c u r r e d  d u e  t o  t h e  e x p o s u r e  t o  
s u p e r c r i t i c a l  f l u i d s .  
I n  summary: SC-C02 + E t O H  e x t r a c t i o n  o f  g r e e n  a lgae  r e s u l t e d  i n ;  1) more 
e f f i c i e n t  r e m o v a l  o f  a l g a l  l i p i d s  and p i g m e n t s  (19% v s  15% e t h a n o l  
e x t r a c t ) .  2 )  F r a c t i o n a t i o n  o f  n o n p o l a r  a n d  po la r  l i p i d s .  3 )  P r o t e i n  iso- 
l a t e  w i t h  a good y i e l d  a n d  p r o t e i n  r e c o v e r y .  4 )  I n c r e a s e d  s o l u b i l i t y  of 
t h e  p r o t e i n .  
The  a b o v e  r e s u l t s  s u g g e s t  t h a t  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  is a u s e -  
f u l  e x t r a c t i o n  method t o  be u s e d  i n  t h e  space h a b i t a t s .  
Acknowledgemen t s :  
The a u t h o r s  are g r a t e f u l  t o  D r s .  R i c h a r d  Radmer a n d  P a u l  B e h r e n s  
( M a r t e k  Corp.,  Colombia, MD) f o r  s u p p l y i n g  them w i t h  t h e  a lgae  u s e d  i n  t h i s  
s t u d y .  T h i s  work  w a s  s u p p o r t e d  by t h e  NASA CELSS P rogram.  
REFERENCES 
A.O.A.C. O f f i c i a l  m e t h o d s  o f  a n a l y s i s .  A s s o c i a t i o n  o f  O f f i c i a l  
A n a l y t i c a l  C h e m i s t s .  W .  Horwi tz  (ea . ) .  ( 1 9 8 0 ) .  
B e c k e r ,  E.W. P r o c e s s  Biochem. 1 6 ( 5 ) :  10. (1981).  
B e t s c h a r t ,  A.  a n d  J . E .  K i n s e l l a .  - J. A g r i c .  Food Chem. 21:60.  ( 1 9 7 3 ) .  
B i d l i n g m e y e r ,  B . A . ,  S .A .  Cohen and T.L. T a r v i n .  - J .  Chromatogr .  336, 93 ( 1 9 8 4 ) .  
Bock ,  H . D .  a n d  J. Wunsche D t s c h .  - Akad. Landw. W i s s . ,  1 6 : ( 9 ) ,  113. ( 1 9 6 7 ) .  
C a s e y ,  R.P. a n d  J.A. L u b i t z .  - Food T e c h n o l .  1 7 ( 1 1 ) :  48. (1963).  
C h r i s t i a n s o n ,  D . D . ,  J .P.  F r i e d r i c h ,  E.B. B a g l e y  a n d  G.E. I n g l e t t  I n :  
M A I Z E :  R e c e n t  p r o g r e s s  i n  c h e m i s t r y  a n d  t e c h n o l o g y .  Academic  P r e s s ,  
I n c .  pp .  231.  ( 1 9 8 2 ) .  
-16- 
Christianson, D.D., J.P. Friedrich, G.R. List, K. Warner, E.B. Bagley, 
A.C. Stringfellow and G.E. Inglett. J. Food Sci. 49- 229. (1984). - --
Clement, G., C. Giddey and R. Menzi. - - -  J. Sci. Food Agric. 18: 497. (1967). 
Clement, G. IN: S.R. Tannenbaum and D.I.C. Wang (eds.) Single Cell -
Protein, Vol. 11, MIT Press, Cambridge, MA, p. 467. (1975). 
Clydesdale, F.M. and F.J. Francis IN: O.R. Fennema (ed). Principles of 
- Food Science. Part 1 Food Chemistry/Marcel Dekker, Inc., N.Y. (1976). 
Cremer, F. and C, Van De Walle. Analytical Biochemistry 147: 22. (1985). 
Eldridge, A.C., J.P. Friedrich, K. Warner and W.F. Kwolek. - J .  -- Food Sci. 
-
(51)3: 584. (1986). 
Hammond, D.A., M. Karel, A.M. Klibanov and N . J .  Krukonis Applied 
Biochemistry and Biotechnology. (1985). 
Haschemeyer, R.H. and A.E.N. Haschemeyer. Proteins, Wiley-Interscience 
Publication, N.Y. p. 68. (1973). 
Hyatt, J.A. J. ~ r g .  Cnem 49: 5097. ii984j. - 
Kamarei, A.R., Z. Nakhost and M. Karel. SAE Technical Paper Series, 851388. -
Society of Automotive Enqineers, Inc., Warrendale, PA. (1985). 
Karel, M. and A.R. Kamarei. Feasibility of producing range of food products 
from a from a limited range of undifferentiated major food components. 
NASA Cooperative Agreement No. NCC 2-231, NASA CR-177329. Ames Research 
Center, Moffett Field, CAI 94035. (1984)- 
Kofranyi, E. and F. Jekat. Hoppe-Seyler's - Z. Physiol. Chemie, 348: 84. (1967). 
Koop, D.R., E.T. Morgan, G.E. Tarr and M.J. Coon J. Biol. Chem. 257: 8472. - - -
(1982) . 
Krukonis, V . J .  Presented at 1984 Annual meeting, ACS, Philadelphia (1984). 
Krukonis, V.J. and Kurnik, R.T. J. Chem. Eng. Data 30: 247 (1985). - -  -
Kugler, F, and B. Pithakpol. Alqae Project Fourth Report, Kaestsart University 
Bangkok (1975) . 
-17- 
L a c h a n c e ,  P.A. I N :  R .  Mateles a n d  S. Tannenbaum ( e d s . )  S i n q l e  C e l l  -
P r o t e i n ,  MIT P r e s s ,  C a m b r i d g e ,  MA, p. 1 2 3 .  ( 1 9 6 8 ) .  
Lee, B.H. and  G.A.  P i c a r d .  Can. I n s t .  Food S c i .  T e c h n o l .  J .  Vol. 15 ,  No. 2: ---- - 
1 2 0 .  ( 1 9 8 2 ) .  
L i p i n s k y ,  E.S.  a n d  J . H .  L i t c h f i e l d  CRC C r i t .  Rev. Food Tech .  1 2 :  581 .  ( 1 9 7 0 ) .  -- ---
L i s t ,  G . R . ,  J .P .  F r i e d r i c h  a n d  J .  Pominsk i  JAOCS, 6 1 ( 4 ) :  1847. ( 1 9 8 4 ) .  
L i s t ,  G.R.  a n d  F r i e d r i c h ,  J . P .  JAOCS 6 2 ( 1 ) :  82 .  (1985) .  
Loomis, W.D. a n d  J. B a t t a i l e .  Phytochem. 5: 423.  ( 1 9 6 6 ) .  
M u l l e r - W e c k e r ,  H. and E. K o f r a n y i  Hoppe-Sey le r .  - Z. P h y s i o l .  Chemie ,  354:  
1034. (1973) .  
N a k h o s t ,  Z .  a n d  M. Karel .  J.  Food S c i .  4 8 ( 4 ) :  1335. ( 1 9 8 3 ) .  - -- 
O s w a l d ,  W . J .  I N :  G. S h e l e f  a n d  C.J .  S o e d e r  ( e d s . ) .  A l q a e  Biomass 
E l s e v i e y / N o r t h - H o l l a n d  B i o m e d i c a l  P r e s s ,  N.Y.  (1980) .  
-. B a b s t ,  w .  Z .  Z r r i i ~ t ! i ~ L i j i i q ~ i + i i ~ ~ .  13: 73. (1374) .  
P a b s t ,  W.  Arch .  H y d r o b i o l .  S u p p l .  11: 65. ( 1 9 7 8 ) .  
P a y e r ,  H.D., W. P a b s t  a n d  K . H .  R u n k e l  I N :  G. S h e l e f  a n d  C . J .  S o e d e r  
iet3s.j Algae B i o m a s s ,  L i s e v i e r j N o r c n - B o i i a n d  Biomedical Pret ia ,  K.Y. { I S e G ] .  
P i o r r e c k ,  M o r  K. B a a s c h  and P. Poh l .  P h y t o c h e m i s t r y  2 3 ( 2 ) :  207. ( 1 9 8 4 ) .  
Q u i r i n ,  K . W .  F e t t e  S e i f e n  A n s t r i c h m i t t e l  8 5 ( 1 2 ) :  460 .  ( 1 9 8 2 ) .  
Richmond,  A. I N :  H . - J .  Rehm a n d  G. Reed  ( e d s . ) .  B i o t e c h n o l o g y .  V o l .  3. 
V e r l a g  Chemie ,  Weinheim.  ( 1 9 8 3 ) .  
S a n t i l l a n ,  C. E x p e r i e n t i a  38: 4 0 .  ( 1 9 8 2 ) .  
S c r i m s h a w ,  N.S. I N :  S.R. Tannenbaum and  D . I . C .  Wang ( e d s . ) .  S i n g l e  C e l l  
P r o t e i n ,  V o l .  11, MIT P r e s s ,  Cambr idge ,  MA ( 1 9 7 5 ) .  
S o e d e r ,  C . J .  a n d  W. P a b s t  B e r .  D t s c h .  B o t .  G e s . ,  83: 607 .  ( 1 9 7 0 ) .  ---- 
S t a h l ,  E . r  K.W. Q u i r i n  and H.K.  Mangold.  F e t t e r  S e i f e n ,  
A n s t r i c h m i t t e l  83: 472.  (1981). 
S t a h l ,  E. F e t t e ,  S e i f e n ,  A n s t r i c h m i t t e l  84: 444 .  ( 1 9 8 2 ) .  
-18- 
S t a h m a n ,  M.A. Ann. Rev. P l a n t  P h y s i o l .  14: 137. ( 1 9 6 3 ) .  - -  
V e n t k a t a m a v a n ,  L .V . ,  W.E. B e c k e r ,  P.M. Khanum a n d  I . A . S .  Mur thy .  N u t r .  *. -
- I n t .  15 ,  145. ( 1 9 7 7 ) .  
W a l z ,  O.P., F. Koch a n d  H. B rune .  T i e r p h y s i o l ,  T i e r e r n ,  F u t t e r m i t t e l k d , ,  35: 
55. ( 1 9 7 5 ) .  
W a s l i e n ,  C . 1 ,  CRC C r i t .  Rev. Food S c i .  N u t r .  6: 77. (1975) .  -- - -- -- 
W a s l i e n ,  C . I . ,  J. Myers ,  B. Koh and  W .  Oswald  I N :  M.  M i l n e r ,  N.  Sc r imshaw 
a n d  D. Wang ( e d s . ) .  P r o t e i n  Resources - a n d  T e c h n o l o q y :  S t a t u s  - a n d  Research 
Needs .  A V I  P u b l .  C O . ~  I n c .  W e s t p o r t ,  C T I  p. 222. (1978) .  
Weder ,  K.P. - Z.  Lebensm U n t e r s  F o r s c h  171 ,  95. ( 1 9 8 0 ) .  
Weder ,  K.P. Food C h e m i s t r y  15, 175. ( 1 9 8 4 ) .  
W o l f ,  W . J .  I N :  S m i t h ,  A.K.  a n d  J. C i rc l e  ( e d s . ) ,  S o y b e a n s :  C h e m i s t r y  - a n d  































































O b  
mc\l 
. .  
Table 2) Nutritional Value of Algae in Comparison with 
Some Representative Food Proteins (Lienerr 1978) 
PER BV NPU C.S. limiting 
a.a. 
Egg 3.8 87-97 91-94 100 none 
Soybeans 0.7-1.8 58-69 48-61 69 S 
Rice 1.9 75 70 57 Lys. 
Corn 1.2 60 49-55 55 Lys. 
Wheat 1.0 52 52 57 Lys . 
Algae(a) 3.21 81 68 57(b) Met. 
Trp. 
(a) - Drum-dried Scenedesmus obliquus, Richmond, 1983 
(b) --Waslien! 1975 
PER - Protein Efficiency Ratio 
BV - Biological Value 
NPU - Net Protein Utilization 
COS.- Chemical Score 
S - Sulfur-containing amino acid 
Table 3 )  Yie ld  ( % ) ,  p r o t e i n  c o n c e n t r a t i o n  ( % )  P r o t e i n  r ecove ry  ( % )  
S o l u b i l i t y  ( % )  of v a r i o u s  a l g a e  f r a c t i o n s  w i t h o u t  enzymatic  
t r e a t m e n t .  - 
f r a c t i o n  # y i e l d  ( % )  P r o t e i n  P r o t e i n  S o l u b i l i t y  
c o n c e n t r a t i o n  Recovery 
--- 2 ( a l g a e  f l o u r )  100 52.6 100 
4 ( a l g a l  crude 65 57.6 
p r o t e i n )  
6 ( a l g a l  p r o t e i n  
c o n c e n t r a t e )  51.6 53.4 
8 A  ( a l g a l  P r o t e i n  
I s o l a t e )  36.6 70.5 
8 B  ( S C - C O i  P r o t e i n  
I s o l a t e )  44.6 66.5 
8 C  (SC-CO7 + E t O H  
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F i g .  1. Procedure  f o r  p r e p a r a t i o n  of d i f f e r e n t  f r a c t i o n s  
from a l g a e .  
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Fig. 4 .  SDS-PAGE p a t t e r n  o f  algal p r o t e i n  
c o n c e n t r a t e  ( f r a c t i o n  #6). 
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